1. Introduction {#sec1}
===============

Transforming Growth Factor-β1 (TGF-β1), a member of a superfamily that contains a group of diverse polypeptide responsible for multi cellular activities including proliferation and differentiation \[[@bib1]\]. Endothelial cells respond to TGF-β1 by their interaction with transmembrane serine/threonine kinase receptors and then propagate the signal to the nucleus via Smad signaling \[[@bib2]\]. Prior work has shown that TGF-β signaling is intimately involved in the development of pulmonary hypertension (PH) although the roles of the ligands and receptors in the TGF-β family are still not well understood \[[@bib3]\]. The presence of different TGF-β isoforms in the pulmonary vascular wall in the context of tissue remodeling in PH was initially identified by Botney [et al]{.ul} in 1994 \[[@bib4]\] and high levels of TGF-β1 have been identified in EC and the interstitium of the plexiform lesions in advanced forms of PH \[[@bib5],[@bib6]\]. We have previously shown that the expression of TGF-β1 and its receptors is increased in the endothelium of actively remodeling pulmonary vessels in lamb model of PH associated with increased pulmonary blood flow (PBF) and pressure \[[@bib7]\]. The exposure of the pulmonary circulation to these abnormal mechanical insults results in progressive adaptive structural and functional abnormalities in the pulmonary vasculature \[[@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\]. Advanced structural changes are irreversible, but surgical correction can reverse early changes, which is the basis for the neonatal repair of these types of congenital heart defects \[[@bib18]\]. Functional changes are not as readily addressed and even children with reversible disease suffer significant morbidity and mortality in the peri-operative period due to increased pulmonary vascular reactivity \[[@bib8],[@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24]\]. This can lead to severe hypoxemia, acidosis, low cardiac output, and death. Despite the clinical need, the precise mechanisms responsible for these aberrations pulmonary vascular reactivity remain unclear. Increasing evidence indicates that mitochondrial dysfunction is an important contributor to the development of PH \[[@bib25],[@bib26]\]. Our recent studies indicate that mitochondrial dysfunction occurs secondary to disruptions in carnitine homeostasis and β-oxidation in children born with complex congenital heart defects that result in increased PBF \[[@bib27], [@bib28], [@bib29], [@bib30]\]. However, the potential role of TGF-β1 in the disruption of mitochondrial bioenergetics has not been resolved.

Our previous studies indicate that in our lamb model with increased PBF, the disruption of carnitine homeostasis correlates with a decrease in the protein levels of peroxisome proliferator-activated receptor gamma (PPAR??) \[[@bib29]\], a ligand-activated transcription factor belonging to the nuclear hormone receptor family. PPAR?? is abundantly expressed in vascular tissues \[[@bib31]\], and its deficiency is associated with PH \[[@bib32]\]. Further, our previous studies have shown that PPAR?? is an important regulator of fatty acid oxidation (FAO) \[[@bib29]\]. Thus, the purpose of this study was to determine whether there was a link between elevated TGF-β1 levels, carnitine homeostasis, and the development of mitochondrial dysfunction and to evaluate the role played by PPAR?? Signaling. Our data, obtained in PAEC, indicate that TGF-β1 disrupts both carnitine homeostasis and mitochondrial bioenergetics. The disruption of carnitine homeostasis correlated with an increase the nitration of CrAT secondary to Akt-1 mediated mitochondrial redistribution of eNOS. Further, we found that the Akt1 activation caused by its nitration is due to a loss of PPAR?? Activity and an increase in NADPH oxidase activity.

2. Materials and methods {#sec2}
========================

2.1. Antibodies and chemicals {#sec2.1}
-----------------------------

Antibodies against PPAR-γ, Akt1, phospho-Akt at Ser473 and VDAC were purchased from Cell Signaling (Danvers, MA). Antibodies against eNOS, p67^phox^, and p47 ^phox^ were purchased from BD Transduction laboratories (San Jose, CA). The anti-Rac1 and anti-phospho S617-eNOS were purchased from EMD Millipore (Temecula, CA). The anti-nitrotyrosine antibody was obtained from EMD Millipore (Billerica, MA). The anti-3-Nitrotyrosine antibody (cat\#:ab110282) was obtained from Abcam (Cambridge, MA). The anti-CrAT was obtained from Proteintech (Rosemont, IL). The nitro-Tyr^350^ Akt1--specific antibody was raised against a synthetic peptide antigen CGRLPF(Y-NO~2~)NQDHEKL, where Y-NO~2~ represents 3-nitrotyrosine as described \[[@bib33]\]. Antibody against β-actin, TGF- β1 and GW9662 were purchased from Sigma (St. Louis, MO). MitoTracker (cat\#: M22425) and Tetramethylrhodamine (TMRM) were obtained from Invitrogen (Carlsbad, CA).

2.2. Cell culture and treatment {#sec2.2}
-------------------------------

Primary cultures of ovine PAEC were isolated and cultured as described previously \[[@bib34]\]. Briefly, cells were isolated by the explant technique. The heart and lungs were obtained from fetal (138--140d gestation) lambs after death. These fetal lambs had not undergone previous surgery or study. The main and branching pulmonary arteries were removed and the exterior of the vessel was rinsed with 70% ethanol. The vessel was opened longitudinally, and the interior was rinsed with PBS to remove blood. The endothelium was lightly scraped away, placed in medium DME-H16 (with 10% fetal bovine serum and antibiotics), and incubated at 37 C in 21% O~2~--5% CO~2~-balance N~2~. After 5d, islands of endothelial cells were cloned to ensure purity. When confluent, the cells were passaged to maintain them in culture or frozen in liquid nitrogen. Endothelial cell identity was confirmed by the typical cobblestone appearance, contact inhibition, specific uptake of acetylated low-density lipoprotein labeled with 1,1′-dioctadectyl-3,3,3′,3′-tetramethylindocarbocyanine Willebrand factor (Dako, Carpinteria, CA). Cells were used before passage 13. For TGF-β1 treatment, standard medium was replaced with serum free medium for 8 h. For GW9662 treatment, standard medium was replaced with 0.2% FBS medium for 24 h.

2.3. Western blot analysis {#sec2.3}
--------------------------

Total protein prepared from cells (20 μg) were separated on 4--20% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes (PVDF). Immunoblotting was carried out using the appropriate antibodies in Tris-base buffered saline with 0.1% Tween 20 and 5% nonfat milk. After washing, the membranes were probed with horseradish peroxidase-conjugated goat antiserum to rabbit or mouse. Reactive bands were visualized using chemiluminescence (Super Signal West Femto; Pierce, Rockford, IL) on a LI-COR Odyssey image station (Lincoln, NE). Bands were quantified using LI-COR Image Station software. Loading was normalized by reprobing the membranes with an antibody specific to β-actin. To determine the levels of eNOS in mitochondria, mitochondrial protein extracts (5 μg) were separated on 4--20% SDS-PAGE and transferred to PVDF. Immunoblotting was carried out using the eNOS antibody in Tris-base buffered saline with 0.1% Tween 20 and 5% nonfat milk. Loading was normalized by reprobing the membranes with the mitochondrial marker voltage-dependent anion channel (VDAC).

2.4. Immunoprecipitation analysis {#sec2.4}
---------------------------------

The interactions of eNOS/hsp90 levels were analyzed by immunoprecipitation analysis as described \[[@bib35]\]. The efficiency of immunoprecipitation was normalized by reprobing the membranes with the immunoprecipitation antibody (IB:eNOS). For nitrated CrAT, PAEC were washed twice in ice-cold PBS and incubated on ice for 30 min in lysis buffer containing 1% NP40, 20 mM Tris-HCl (pH 7.5), 137 mM NaCl, and protease inhibitor cocktail (Pierce, Rockford, IL). Cell lysates were then clarified by centrifugation at 20,000 g (20 min at 4 °C), the protein concentrations were determined, and 1 mg of each lysate was incubated overnight at 4 °C with a mouse antibody against 3-Nitrotyrosine (6 μg; Abcam, Cambridge, MA) in 1-ml final volume at 4 °C overnight. Protein G plus/protein A agarose (40 μl; Calbiochem, Gibbstown, NJ) was added and rotated at 4 °C for an additional 2 h. The immune complexes were precipitated by centrifugation, washed three times with lysis buffer, boiled in SDS sample buffer, and subjected to SDS-PAGE gel. Nitrated CrAT protein levels were then detected using Western blot analysis.

2.5. Mitochondrial isolation {#sec2.5}
----------------------------

The mitochondria were isolated using Pierce Mitochondria isolation kits (Pierce, Rockford, IL) according to the manufacturer\'s guidelines as previously described \[[@bib36],[@bib37]\].

2.6. Determination of ATP levels {#sec2.6}
--------------------------------

ATP levels were estimated by using a Colorimetric/Fluorometric ATP Assay Kit (BioVision, Milpitas, CA) following the manufacturer\'s instructions. Briefly, cultured PAEC were treated with or without TGF- β1 (5 ng/ml, 8 h). Cells were lysed and centrifuged at 13,500 rpm for 20 min. Deproteinize cell lysate by using Deproteinize Sample Preparation Kit (BioVision, Milpitas, CA). The supernatant of deproteinized cell lysate (50 μL) was transferred to a 96-well plate, and then mixed with ATP detection working solution (50 μL). The absorbance (OD570) was measured in a micro-plate reader (BioTek instruments Inc., Winooski, Vermont). The protein concentration of each group was also determined using a Pierce BCA Protein Assay Kit (Thermo scientific, Rockford, IL). The relative ATP level was represented as ATP value/protein value.

2.7. Measurement of NOX-derived superoxide levels {#sec2.7}
-------------------------------------------------

To detect superoxide generation, EPR measurements were performed using the spin trap, 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine.HCl (CMH, 20 μM in DPBS +25 μM desferrioxamine; Enzo Life Sciences, La Jolla, CA) as we have described \[[@bib36],[@bib38]\]. NOX derived superoxide was measured by pre-incubating cells with the NADPH oxidase inhibitor, apocynin (100 μM, Sigma-Aldrich) for 30 min followed by incubation with CMH. EPR spectra were analyzed using ANALYSIS v.2.02 software (Magnettech). Differences between samples incubated in the presence and absence of apocynin represented the level of NOX derived superoxide generation, reported as pmols/min/mg protein.

2.8. Measurement of NADPH oxidase activity {#sec2.8}
------------------------------------------

Measurement of NADPH oxidase activity was carried out as described previously \[[@bib39]\]. Briefly, cells were trypsinized, pelleted, then homogenized with Tris--sucrose buffer (10 mM Tris base (Fisher, Pittsburgh, PA, USA), 340 mM sucrose (Mallinkrodt Baker, Philipsburg, NJ, USA), 1 mM EDTA (Mallinkrodt Baker), 10 μg/ml protease inhibitor mixture (Sigma). The homogenate protein concentration was measured. NADPH oxidase activity was measured by a luminescence assay in the reaction buffer with 5 μM lucigenin, 1 mM EGTA, and 50 mM phosphate buffer, pH 7.0. One hundred micrograms of homogenate protein+100 μM NADPH as substrate (Sigma) was added to an 8-mm test tube with 500 μl reaction buffer and then incubated at 37 °C for 5 min. Photon emission was measured at 15 s in a luminometer (Model TD-20/20; Turner Designs, Sunnyvale, CA, USA).

2.9. Exposure of PAEC to laminar shear stress {#sec2.9}
---------------------------------------------

Laminar shear stress was applied using a cone-plate viscometer that accepts six-well tissue culture plates, as described previously \[[@bib40]\]. This method achieves laminar flow rates that represent physiological levels of laminar shear stress in human pulmonary arteries, which are approximately 20 dyn/cm^2^ \[[@bib41]\]. PAEC in the presence and absence of TGF- β1 (5 ng/ml, 8 h) were acutely exposed or not to 20 dyn/cm^2^ of shear stress for 15 min as described \[[@bib42]\]. The media and cells were collected and used for further experiments.

2.10. Detection of NO~x~ {#sec2.10}
------------------------

NO generated by PAEC in response to shear was measured using a NO-sensitive electrode with a 2-mm diameter tip (ISO-NOP sensor, WPI) connected to a NO meter (ISO-NO Mark II, WPI) as described previously \[[@bib43]\].

2.11. Mitochondrial localization of eNOS {#sec2.11}
----------------------------------------

PAEC were transfected with a GFP tagged eNOS expression plasmid (eNOS-GFP) \[[@bib44]\]. After 48 h transfection, cells were labeled with 100 nM MitoTracker (cat\#: M22425, Invitrogen, Carlsbad, CA) for 30 min. This dye is not dependent on the mitochondrial membrane potential. The cells were then treated with TGF-β1 (5 ng/ml, 8 h) or GW9662 (5 μM, 24 h) and imaged using a fluorescence microscope (Applied Precision, Issaquah, WA, USA). Mitochondrial localization of eNOS was determined by calculating the Pearson product moment correlation coefficient \[[@bib45]\] between images (green for eNOS-GFP and red for MitoTracker) using FITC (excitation 490nm/emission 528 nm) and TRITC (excitation 555nm/emission 617 nm). Magnification used was 60×.

2.12. Measurement of peroxynitrite levels {#sec2.12}
-----------------------------------------

The level of cell peroxynitrite was determined by the oxidation of dihydrorhodamine (DHR) 123 (EMD Millipore, Billerica, MA) to rhodamine 123, as we have described \[[@bib46]\]. Briefly, cultured PAEC were treated with or without TGF- β1 (5 ng/ml, 8 h) or GW9662 (5 μM, 24 h). Collect the cells and cell pellet were then treated with PEG-Catalase (100U, 30min) to reduce H~2~O~2~ dependent DHR 123 oxidation. DHR 123 (5 μmol/l, 30min) was added to the cell pellet in phenol red-free media and the fluorescence of rhodamine 123 measured using a Fluoroskan Ascent Microplate Fluorometer with excitation at 485 nm and emission at 545 nm. Fluorescent values were normalized to the protein levels in each sample.

2.13. Determination of mitochondrial ROS levels and mitochondrial membrane potential {#sec2.13}
------------------------------------------------------------------------------------

MitoSOX™ Red mitochondrial ROS indicator (Molecular Probes, Grand Island, NY) a fluorogenic dye for detection of ROS in the mitochondria of live cells was used. Mitochondrial membrane potential was determined using TMRM (tetramethylrhodamine methyl ester perchlorate, Molecular Probes, Eugene, OR). Briefly, cells were washed with fresh media, incubated in media containing MitoSOX Red (5 μM) or TMRM (50 nM), for 30 min at 37 °C in dark conditions, then subjected to fluorescence microscopy using an excitation of 510 nm and an emission at 580 nm (for MitoSOX) or an excitation of 548 nm and an emission at 575 nm (for TMRM). An Olympus IX51 microscope equipped with a CCD camera (Hamamatsu Photonics) was used for acquisition of fluorescent images. The average fluorescent intensities (to correct for differences in cell number) were quantified using ImagePro Plus version 5.0 imaging software (Media Cybernetics).

2.14. Analysis of mitochondrial bioenergetics {#sec2.14}
---------------------------------------------

The XF24 Analyzer (Seahorse Biosciences, North Billerica, MA, USA) and XF Cell Mito Stress Test Kit (\# 101706-100; Seahorse Biosciences) were used for the mitochondrial bioenergetic analyses. The optimum number of cells/well was determined to be 75,000/0.32 cm^2^. Cells were exposed to TGF-β1 (5 ng/ml, 8 h) or GW9662 (5 μM, 24 h). The XF24 culture microplates were then incubated in a CO~2~-free XF prep station at 37 °C for 45 min to allow temperature and pH calibration. For the Mito Stress test, we sequentially injected Oligomycin (1 μm final concentration), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 μm final concentration), and Rotenone + antimycin A (1 μm final concentration of each) and measured the oxygen consumption rate (OCR). Using these agents, we determined basal mitochondrial respiration, reserve respiratory capacity and maximal respiratory capacity measurements in pmoles/min of oxygen consumed.

Respiratory chain complex I functional analysis in permeabilized pulmonary arterial endothelial cells.

This was carried out as previously described \[[@bib47]\]. Briefly, PAEC were seeded in an XF24 cell culture microplate at 75,000 cells per well overnight. On the days of the experiment, cells were washed with 1 × MAS buffer (Mannitol 220 mM, Sucrose 70 mM, KH~2~PO~4~ 10 mM, MgCl~2~ 5 mM, HEPES 2 mM, EGTA 1 mM, Fatty Acid Free (FAF) BSA 0.2% (*w*/*v*)). A Pyruvate/Malate/ADP (10 mM/1 mM/4 mM respectively) mixture was added to the MAS buffer to form the assay medium. Prior to starting the assay, mitochondrial Complex I substrates and inhibitors, in 1 × MAS buffer, were added to the injection ports of the cartridge: Port 1: Complex I inhibitor -- rotenone (2 μM). Cells were then treated with plasma membrane permeabilizer (1 nM XF PMP (Seahorse Biosciences), final volume of 0.5 ml per well) mixed with assay medium to initiate the experiment and immediately transfered to the XF24 analyzer. Initial readings were used to determine the basal OCR of respiring mitochondria (Stage 1). To determine the Complex I component of the OCR, the Complex I inhibitor, rotenone (2 μM) was injected (Stage 2). The difference in OCR between Stage 1 and 2 was attributed to the respiratory activity of Complex I. In the assay we utilized mix/wait/measure times of 0.5 min/0.5 min/2 min with no equilibration step and took 2 measurements per step.

2.15. Fatty acid oxidation (FAO) assay {#sec2.15}
--------------------------------------

For the XF Palmitate-BSA Fatty Acid Oxidation (FAO) test, PAEC transfected with scrambled siRNA or CrAT siRNA (25 nM) were plated on XF24 culture microplates 75,000 cells/well the day before experiment. On the day of the assay, the cells were washed with freshly prepared FAO medium (KHB medium containing 2.5 mM glucose, 0.5 mM carnitine and 5 mM HEPES, pH7.4). FAO medium (412.5 μl/well) was then added to each well and the plate incubated in a CO~2~-free XF prep station at 37 °C for 40 min to allow temperature and pH calibration. The plates were then placed in the XF24 Analyzer and the OCR measured before injection (87.5 μl/well) with BSA or Palmitate-BSA (Seahorse Bioscience, Part\# 102720-100). The change in OCR was then determined.

Quantification of carnitine levels by high-performance liquid chromatography (HPLC).

Detection of carnitines was performed using a Agilent 1260 HPLC system with an Agilent 5 μm C18 column (4.6 × 150 mm) and equipped with a 1260 FLD fluorescence detector (Agilent Technologies, Inc.). Total and free carnitine levels were quantified by fluorescence detection at 248 nm (excitation) and 418 nm (emission). The acyl carnitines were calculated by subtracting the free carnitine values from the total carnitine values for all the samples as previously described \[[@bib27]\].

2.16. Statistical analysis {#sec2.16}
--------------------------

Statistical analysis was performed using GraphPad Prism version 4.01 for Windows (GraphPad Software). The mean ± SEM were calculated for all samples and significance was determined either by the unpaired *t*-test (for 2 groups) or ANOVA (for ≥3 groups) with Newman-Keuls post-hoc testing. A value of p \< 0.05 was considered significant.

3. Results {#sec3}
==========

3.1. TGF-β1 disrupts mitochondrial bioenergetics in PAEC by attenuating β-oxidation {#sec3.1}
-----------------------------------------------------------------------------------

Increased mitochondrial reactive oxygen species (ROS) generation \[[@bib48]\] and disrupted mitochondrial membrane potential \[[@bib48]\] are considered to be hallmarks of mitochondrial dysfunction. We determined the effect of TGF-β1 on mitochondrial superoxide levels by measuring changes in MitoSOX red fluorescence. Our data indicated that exposure of cells to 5 ng/ml TGF-β1 for 8 h caused a significant increase in MitoSOX fluorescence ([Fig. 1](#fig1){ref-type="fig"}A). Mitochondrial membrane potential was also decreased, as suggested by using TMRM fluorescence ([Fig. 1](#fig1){ref-type="fig"}B). Our previous studies have shown that mitochondrial function is linked to mitochondrial bioenergetics \[[@bib36],[@bib37]\]. Using the Seahorse XF24 Analyzer, we next examined the effect of TGF-β1 on mitochondrial bioenergetics in PAEC. Our data indicate that, although basal respiration was increased ([Fig. 1](#fig1){ref-type="fig"}C), both the maximal (Figure 1D) and spare (Figure 1E) respiratory capacities were significantly reduced by TGF-β1. Further, we found that the disruption of mitochondrial bioenergetics correlated with reductions in complex I activity ([Fig. 2](#fig2){ref-type="fig"}A). We have previously demonstrated that mitochondrial bioenergetics can be attenuated secondarily to a disruption of carnitine homeostasis and the loss of FAO \[[@bib27],[@bib29]\]. Our data demonstrate that carnitine homeostasis is reduced as determined by an increase in acyl-[l]{.smallcaps}-carnitine levels ([Fig. 2](#fig2){ref-type="fig"}B) and this is associated with the nitration of carnitine acetyl transferase (CrAT, [Fig. 2](#fig2){ref-type="fig"}C). We have previously shown that nitration inhibits CrAT activity \[[@bib27]\]. In addition, we found that cellular ATP levels were reduced ([Fig. 2](#fig2){ref-type="fig"}D) and the activity of the ATP-dependent molecular chaperone, hsp90 was attenuated as determined by decreases in its interaction with eNOS ([Fig. 2](#fig2){ref-type="fig"}E). Furthermore, TGF-β1 attenuated acute shear stress stimulated NO release ([Fig. 2](#fig2){ref-type="fig"}F). To confirm that the nitration-mediated loss of CrAT activity is involved in the loss of mitochondrial bioenergetics in PAEC we utilized an siRNA approach to decrease CrAT expression ([Fig. 3](#fig3){ref-type="fig"}A insert) and cellular FAO capacity ([Fig. 3](#fig3){ref-type="fig"}A and B). Decreasing FAO in cells mimicked the inhibitory effects of TGF-β1 on mitochondrial bioenergetics ([Fig. 3](#fig3){ref-type="fig"}C) producing significant decreases in basal- ([Fig. 3](#fig3){ref-type="fig"}D), reserve- ([Fig. 3](#fig3){ref-type="fig"}E), and maximal ([Fig. 3](#fig3){ref-type="fig"}F)-respiratory capacity.Fig. 1**TGF-β1 induces mitochondrial dysfunction and mitochondrial bioenergetics disruption in pulmonary arterial endothelial cells.** TGF-β1 (5 ng/ml, 8 h) increases mitochondrial reactive oxygen species (ROS) generation in PAEC (A) and reduces the mitochondrial membrane potential (B). TGF-β1 also affects mitochondrial bioenergetics as determined by significant increases in basal mitochondrial respiration (C) and reductions in the maximal respiratory capacity (D) and the spare respiratory capacity (E). Values are means ± SEM; n = 6 (A&B). n = 22--24(C--E). \*P \< 0.05 vs. untreated.Fig. 1Fig. 2**TGF-β1 disrupts carnitine homeostasis and NO signaling in pulmonary arterial endothelial cells.** TGF-β1 (5 ng/ml, 8 h) disrupts mitochondrial complex I activity (A) and this correlates with an increase in CrAT nitration, determined using IP/IB analysis (B) resulting in a disruption in carnitine homeostasis (C). Cellular ATP levels are significantly reduced (D) and the interaction of hsp90 with eNOS is decreased (E). TGF-β1 also attenuates acute shear stress (20 dyn/cm^2^, 15min)- increased NO generation. Values are means ± SEM; n = 6--10. \*P \< 0.05 vs. untreated.Fig. 2Fig. 3**Reducing carnitine acetyl transferase (CrAT) expression mimics the effect of TGF-β1 on mitochondrial bioenergetics in pulmonary arterial endothelial cells.** PAEC were transiently transfected with an siRNA to CrAT for 48 h to decreased CrAT expression (A, insert). Decreasing CrAT expression attenuates β-oxidation as demonstrated by a significant reduction in OCR after the injection of BSA-palmitate as substrate (A&B). Decreasing CrAT also signifiacntlt attenuates mitochondrial bioenergetics (C) as demonstrated by significant decreases in basal- (D), reserve- (E), and maximal (F)-respiratory capacity. Values are means ± SEM; n = 5. \*P \< 0.05 vs. BSA alone (B) or scrambled siRNA (D--F); †P \< 0.05 vs. scrambled siRNA + BSA palmitate (B).Fig. 3

3.2. TGF-β1 induces eNOS mitochondrial translocation in PAEC {#sec3.2}
------------------------------------------------------------

Our previous studies have shown that the nitration of CrAT can occur due to the mitochondrial redistribution of eNOS \[[@bib36]\] which is dependent on the Akt1-mediated phosphorylation of eNOS at S617 \[[@bib49]\]. Thus, we next evaluated the effect of TGF-β1 on eNOS mitochondrial translocation, eNOS phosphorylation and Akt1 activity. Our data indicate that TGF-β1 significantly increased eNOS expression and mitochondrial localization ([Fig. 4](#fig4){ref-type="fig"}A&B). This was associated with increased eNOS phosphorylation at S617 ([Fig. 4](#fig4){ref-type="fig"}C) and Akt1 activity, as estimated by increased phosphorylation at S473 ([Fig. 4](#fig4){ref-type="fig"}D). We have shown that Akt1 activity can be stimulated via protein nitration \[[@bib33],[@bib49]\] and our data confirmed that TGF-β1 significantly increased peroxynitrite-dependent DHR123 oxidation levels ([Fig. 4](#fig4){ref-type="fig"}E), as well as Akt1 nitration ([Fig. 4](#fig4){ref-type="fig"}F). Taken together, these data demonstrate that TGF-β1 induces eNOS mitochondrial translocation, ROS-mediated Akt1 activation, and eNOS phosphorylation at Ser617.Fig. 4**TGF-β1 induces the mitochondrial redistribution of eNOS in pulmonary arterial endothelial cells.** PAEC were exposed to TGF-β1 (5 ng/ml, 8 h) and the effect on the mitochondrial redistribution of eNOS determined. Mitochondrial protein extracts (5 μg) were subjected to Western blotting using an antibody raised against eNOS. TGF-β1 increases eNOS accumulation in the mitochondria (A). Loading was normalized by reprobing with the mitochondrial protein VDAC. PAEC were also transiently transfected with a GFP-tagged eNOS. The mitochondria were labeled with MitoTracker (red) and the cells were exposed or not to TGF-β1. The extent of mitochondrial localization of eNOS was then determined by measuring the intensity of yellow fluorescence (overlap of red fluorescence of MitoTracker and green fluorescence of eNOS-GFP). There is an increase in yellow fluorescence in the TGF-β1 treated cells (B). In addition, Western blotting demonstrated that TGF-β1 significantly increased the phosphorylation of eNOS at S617 (C) and Akt1 at S473 (D). Peroxynitrite levels (E) and nitrated Akt1 (F) were also significantly increased. Values are means ± SEM; n = 3--16. \*P \< 0.05 vs. untreated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

3.3. TGF-β1 increases ROS levels by activating NAPDH oxidase in PAEC {#sec3.3}
--------------------------------------------------------------------

Peroxynitrite is formed by the interaction of NO with superoxide. NADPH oxidase (NOX) is a major contributor of ROS in cells of the vasculature during active metabolism \[[@bib50]\]. Further, our prior studies have shown that TGF-β1 can stimulate NOX activity and superoxide levels in pulmonary arterial smooth muscle cells \[[@bib51]\]. Thus, we next determined if NOX was the source of the superoxide required for the formation of peroxynitrite and the nitration of Akt1. Our data demonstrate TGF-β1 significantly increased the expression of the NOX subunit proteins p67^phox^ ([Fig. 5](#fig5){ref-type="fig"}A), p47^phox^ ([Fig. 5](#fig5){ref-type="fig"}B), and Rac1 ([Fig. 5](#fig5){ref-type="fig"}C) in PAEC. Furthermore, NOX activity ([Fig. 5](#fig5){ref-type="fig"}D) and NOX-derived superoxide ([Fig. 5](#fig5){ref-type="fig"}E) are both elevated by TGF-β1 challenge, implicating NOX as the superoxide source required for Akt1 nitration and activation. Further we found that the increase in NOX activity correlated with a decrease in PPAR-γ protein levels ([Fig. 5](#fig5){ref-type="fig"}F). To confirm the role of PPAR-γ in the activation of NOX, we treated PAEC with the PPAR-γ antagonist GW9662 (5 μM, 24 h). Our results demonstrate that GW9662 mimics the effects of TGF-β1 treatment as demonstrated by decreases in PPAR-γ protein ([Fig. 6](#fig6){ref-type="fig"}A) and increases in p47^phox^ ([Fig. 6](#fig6){ref-type="fig"}B), p67^phox^ ([Fig. 6](#fig6){ref-type="fig"}C), and Rac1 ([Fig. 6](#fig6){ref-type="fig"}D) protein levels in PAEC. These changes in NOX protein subunits correlated with increases in NOX activity ([Fig. 6](#fig6){ref-type="fig"}E) and NOX-derived superoxide levels ([Fig. 6](#fig6){ref-type="fig"}F).Fig. 5**TGF-β1** increases NADPH oxidase activity in **pulmonary arterial endothelial cell**s. Western blot analyses indicate that TGF-β1 (5 ng/ml, 8 h) increases p67^phox^ (A), p47^phox^ (B) and Rac1 (C) protein levels. NOX activity (D) and NOX-derived superoxide (E) are also increased. However, PPAR-γ protein levels are decreased (F). Values are means ± SEM; n = 5--6. \*P \< 0.05 vs. untreated.Fig. 5Fig. 6**The PPAR-γ antagonist GW9662 mimics the effects of TGF-β1 on NADPH oxidase activity in pulmonary arterial endothelial cells.** Western blot analyses indicate that the PPAR-γ antagonist, GW9662 (5 μM, 24 h) decreases PPAR-γ protein levels (A) and increases p47^phox^ (B), p67^phox^ (C), and Rac1 (D) protein levels. NOX activity (E) and NOX-derived superoxide (F) also increase. Values are means ± SEM; n = 6. \*P \< 0.05 vs. untreated.Fig. 6

The PPAR-γ antagonist, GW9662 induces the mitochondrial translocation of eNOS in PAEC.

GW9662 treatment increased peroxynitrite levels ([Fig. 7](#fig7){ref-type="fig"}A) as well as Akt1 nitration ([Fig. 7](#fig7){ref-type="fig"}B) and activity, estimated via increases in pSer473Akt1 ([Fig. 7](#fig7){ref-type="fig"}C). GW9662 treatment also increased the levels of p617eNOS (Figure 7D) resulting in the mitochondrial redistribution of eNOS levels ([Fig. 7](#fig7){ref-type="fig"}E&F). GW9662 treatment also increased nitrated CrAT ([Fig. 8](#fig8){ref-type="fig"}A) resulting in an increase in acyl-[l]{.smallcaps}-carnitine levels ([Fig. 8](#fig8){ref-type="fig"}B). Mitochondrial function was also disrupted as determined by increases in mitochondrial ROS levels ([Fig. 8](#fig8){ref-type="fig"}C) and decrease in mitochondrial membrane potential ([Fig. 8](#fig8){ref-type="fig"}D). Mitochondrial bioenergetics was also disrupted as shown by significant decreases in maximal ([Fig. 8](#fig8){ref-type="fig"}E) and spare ([Fig. 8](#fig8){ref-type="fig"}F) respiratory capacities. Cellular ATP levels were also significantly attenuated ([Fig. 8](#fig8){ref-type="fig"}G) and this caused a reduction in eNOS-hsp90 interactions ([Fig. 8](#fig8){ref-type="fig"}H).Fig. 7**GW9662 induces the mitochondrial redistribution of eNOS in pulmonary arterial endothelial cells.** Treating PAEC with GW9662 (5 μM, 24 h). increases peroxynitrite levels (A) and Akt1 nitration (B). Western blot analysis also shows that GW9662 significantly increases Akt1 activity, determined by increases in its phosphorylation at S473 (C) as well as the Akt1 mediated phosphorylation of eNOS at S617 (D). Western blot analysis of mitochondrial protein extracts (E) demonstrates that GW9662 increases eNOS mitochondrial redistribution. GW9662 also increases the mitochondrial levels of a GFP-tagged eNOS (F). The mitochondria are labeled with MitoTracker (red) and the extent of mitochondrial localization of eNOS was then determined by measuring the intensity of yellow fluorescence (overlap of red fluorescence of MitoTracker and green fluorescence of eNOS-GFP). Values are means ± SEM; n = 4--8. \*P \< 0.05 vs. untreated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 7Fig. 8**GW9662 induces mitochondrial dysfunction and disrupts hsp90 activity in pulmonary arterial endothelial cells.** GW9662 treatment (5 μM, 24 h) significantly increased CrAT nitration levels (A) and increased acyl-[l]{.smallcaps}-carnitine levels (B). GW9662 also increases mitochondrial reactive oxygen species (ROS) generation in PAEC (C) and reduces the mitochondrial membrane potential (D). TGF-β1 also affects mitochondrial bioenergetics as determined by significant reductions in the maximal respiratory capacity (E) and the spare respiratory capacity (F). Cellular ATP levels are decreased (G) and IP analysis demonstrated a reduction in eNOS-hsp90 interactions (H). Membranes were reprobed with hsp90 to normalize for IP efficiency. Values are means ± SEM; n = 6 (A&B). n = 22--24 (C-F). n = n = 6--8 (G&H). \*P \< 0.05 vs. untreated.Fig. 8

4. Discussion {#sec4}
=============

TGF-β family members play important roles in vascular development and vessel remodeling, and are critical in regulating macrophage, T cell, smooth muscle cell and endothelial cell signaling \[[@bib2]\]. Dysregulated TGF-β signaling is associated with various chronic pulmonary diseases including asthma, chronic obstructive pulmonary disease, pulmonary fibrosis, and pulmonary vascular disease \[[@bib1]\]. However, the mechanisms by which altered TGF-β signaling leads to pulmonary vascular disease are still incompletely understood. Our previous studies have shown that TGF-β1 expression is increased in a lamb model of PH that mimics congenital heart disease and increased PBF and pressure \[[@bib7]\]. Our previous studies have also demonstrated that the disruption of mitochondrial bioenergetics plays a central role in the pulmonary vascular disease associated with CHD and increased PBF and pressure \[[@bib27],[@bib29],[@bib30],[@bib36],[@bib37],[@bib42],[@bib52], [@bib53], [@bib54], [@bib55]\] and here we demonstrate that exposing PAEC to TGF-β1 induces mitochondrial dysfunction and the disruption of mitochondrial bioenergetics. Further, we show that the loss of mitochondrial bioenergetics is caused, at least in part, by the disruption of carnitine homeostasis and fatty acid oxidation (FAO).

We have previously identified a reduction in FAO and carnitine homeostasis in both a lamb model \[[@bib27],[@bib29],[@bib36],[@bib53]\] and in children born with complex congenital heart defects that result in increased PBF and pressure \[[@bib30]\]. We have previously identified a reduction in FAO and carnitine homeostasis in both a lamb model \[[@bib27],[@bib29],[@bib36],[@bib53]\] and in children born with complex congenital heart defects that result in increased PBF and pressure \[[@bib30]\]. FAO produces acetyl-CoA to fuel the TCA cycle and reduces flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD), for use in the electron transport chain \[[@bib56], [@bib57], [@bib58]\]. Interestingly, recent studies from Finkels\'s group demonstrated that FAO, by regulating cellular acetyl-CoA levels, plays an important role in endothelial-mesenchymal transition (EndoMT) \[[@bib59],[@bib60]\] causing ECs to develop fibroblast-like characteristics such as loss of cell-cell contacts, barrier dysfunction, and increased migratory potential \[[@bib60]\]. EndoMT is now being recognized as an important player in the development of PH \[[@bib61], [@bib62], [@bib63]\] and is stimulated by TGF-β1 \[[@bib59],[@bib64],[@bib65]\]. As TGF-β1 signaling is increased, and FAO is disrupted, in models of PH it is interesting to speculate that the loss of FAO is a key driver of EndoMT in PH although further studies will be required to test this hypothesis.

Our data also demonstrate that the inhibition of carnitine homeostasis associated with TGF-β1 exposure inhibits Complex I activity in PAEC. As Complex I is a major source of ROS in the mitochondria this likely represents the source of the increase in ROS we detected in TGF-β1 exposed PAEC. In cells carnitine is found as either free carnitine (non-esterified molecule; FC), or acyl carnitines (esterified form; AC). A low AC/FC ratio is indicative of healthy mitochondria whereas a high AC/FC ratio suggests a decreased mitochondrial capacity for energy production. Carnitine and its derivatives are involved in the mitochondrial transport of fatty acids and are critical for the cell to maintain normal mitochondrial function. It is well established that the disruption of carnitine metabolism leads to mitochondrial dysfunction in cells. We have linked the loss of mitochondrial function to decreases in NO signaling. This occurs via a reduction in the ability of hsp90, an ATP-dependent chaperone, to interact with eNOS and GCH1, the rate limiting enzyme in the synthesis of the important NOS co-factor, BH~4~ \[[@bib28],[@bib55]\]. This results in the proteasomal degradation of GCH1 \[[@bib28],[@bib33],[@bib55]\] and eNOS uncoupling. We have also identified important roles for increased expression of hsp70 as well as the E3 ubiquitin ligase, C-terminus of Hsp70-interacting protein, CHIP \[[@bib28],[@bib33],[@bib55]\] in this process. The data in this study add to this knowledge by linking increased TGF-β1 signaling to the loss of NO signaling in children born with congenital heart defects that result in increased PBF and pressure \[[@bib30]\]. However, it should be noted that the effects of TGF-β1 on eNOS are complex. For example, TGF-β1 has been shown to increase eNOS expression in EC \[[@bib66]\] and myocytes exposed to hypoxia-reoxygenation \[[@bib67]\]. However, blocking TGF-β1 signaling has also been shown to restore NO signaling in the nephropathy associated with cyclosporin A exposure in the mouse \[[@bib68]\] and we have shown that increases in TGF-β1 correlates with reductions in NO signaling \[[@bib69],[@bib70]\]. Further, our data indicate that adding TGF-β1 alone to PAEC did not significantly reduce basal NO levels but did attenuate shear mediated activation of eNOS. This suggests that TGF-β1 may attenuate the activation of eNOS rather than basal NO generation perhaps through the reduction in hsp90 we have observed. However, further studies will be required to confirm this possibility.

One of the effects of the disruption of mitochondrial bioenergetics by TGF-β1 or GW9662 is an increase in mitochondrial derived reactive oxygen species (mt-ROS). There is a lot of interest in the role of mt-ROS both as signaling molecules and in pathologic outcomes. For example, we have previously shown that increases in mt-ROS can activate HIF-1 signaling even under normoxic conditions and that this can lead to metabolic reprogramming in cells to favor glycolysis and the development of a hyper-proliferative anti-apoptotic phenotype \[[@bib37]\]. Conversely, increases in mt-ROS have been shown to be intimately involved in the EC apoptosis associated with ischemia/reperfusion (I/R) injury \[[@bib71]\] and as an intermediate through which G Protein-Coupled Receptor mediated increases in intracellular Ca^2+^ can activate proinflammatory signaling and lead to increased leukocyte/EC adhesion \[[@bib72]\] likely through the oxidation of the Mitochondrial Ca^2+^ Uniporter (MCU) \[[@bib73]\]. Thus, it is interesting to speculate that mt-ROS could be involved some of the known effects of TGF-β1 on EC function. For example, the EndoMT induced by long-term exposure of EC to TGF-β1 \[[@bib74],[@bib75]\] could require increases in mt-ROS. This possibility is strengthen by the fact that we recently demonstrated that EndoMT requires the activity of HIF-2 \[[@bib75]\] and mt-ROS are known to stimulate HIF signaling \[[@bib76], [@bib77], [@bib78], [@bib79]\]. However, possible links between mt-ROS and downstream events such as EndoMT are beyond the scope of the current study and will require future investigations.

Besides its normal caveolar location, eNOS can be targeted to the mitochondrion through the mitochondrial targeting loop located within aa627-631 (RRKRK) \[[@bib80]\]. Our group was the first to show that the mitochondrial redistribution of eNOS \[[@bib33],[@bib36],[@bib49],[@bib54]\] results in the disruption of mitochondrial bioenergetics \[[@bib27],[@bib28],[@bib36],[@bib54]\]. Our data indicate that the disruption of mitochondrial bioenergetics induced by TGF-β1 requires the mitochondrial redistribution of eNOS. A number of post translational modifications (PTMs) that are associated with the mitochondrial redistribution of eNOS in our Shunt model of increased PBF and pressure. These include Akt1 nitration and phosphorylation \[[@bib33],[@bib70]\] as well as the Akt1-mediated phosphorylation of eNOS at S617 \[[@bib33],[@bib49]\]. However, the mechanism by which eNOS redistribution is regulated is still unresolved. Studies from Konduri\'s group have implicated hsp90 mediated binding to porin on the outer mitochondrial membrane as being involved in the redistribution of eNOS \[[@bib81]\]. However, this is hard to integrate with our data indicating that hsp90 activity, at least measured by its ability to interact with eNOS, appears to be attenuated when PAEC are exposed to TGF-β1. However, it is possible that there may be multiple pathways that can stimulate the mitochondrial redistribution of eNOS. For example, we have shown that eNOS can be redistributed to the mitochondria when it is phosphorylated at T495 and this occurs in the absence of changes in ATP \[[@bib37]\] suggesting that hsp90 could be the responsible factor in this scenario. It is also possible that the mitochondrial redistribution of eNOS involves the binding of protein(s) to the eNOS mitochondrial translocation loop \[[@bib49],[@bib80]\]. One such protein could the molecular chaperone, CHIP. Although this possibility will have to be validated, CHIP is an attractive candidate as molecular chaperones are known to regulate the translocation of nuclear-encoded proteins into the mitochondrion \[[@bib82],[@bib83]\]. In addition, its association with CHIP changes the sub-cellular distribution of eNOS \[[@bib84]\], CHIP activity is stimulated by nitrosative stress \[[@bib55]\], and CHIP is recruited to hsp90 chaperoned proteins \[[@bib28]\]. Finally, CHIP contains a highly negatively charged region (^185^EGDEDD1^90^) \[[@bib85]\], a sequence that could potentially interact with the positively charged eNOS mitochondrial targeting loop \[[@bib49],[@bib80]\]. Our data also indicate that the nitration of Akt1 required to stimulate the phosphorylation of eNOS at S617 required to initiate the mitochondrial redistribution of eNOS \[[@bib33],[@bib49]\] appears to require the activity of NOX and that the increase in NOX occurs secondary to the loss of peroxisome proliferator-activated receptor-γ (PPAR-γ) a member of the nuclear hormone receptor superfamily of ligand-activated transcription factors that are involved in the regulation of lipid and glucose metabolism \[[@bib86], [@bib87], [@bib88]\]. In ECs there are a number of studies that indicate that PPAR-γ is an important regulator of NOX activity and NOX superoxide generation \[[@bib89], [@bib90], [@bib91], [@bib92]\]. In our Shunt lamb model, we have shown that increased NOX derived superoxide correlates with decreased PPAR-γ activity \[[@bib93]\] and that attenuating PPAR-γ activity is sufficient to disrupt mitochondrial function and induce pulmonary vascular disease in the neonatal lamb \[[@bib52]\]. The data we present here adds to our knowledge by demonstrating that PPAR-γ inhibition in PAEC is sufficient to disrupt carnitine homeostasis and mitochondrial bioenergetics. The mechanism by which this occurs is likely through SMAD signaling as prior studies in human fetal fibroblasts have shown that a SMAD3-SMAD4 complex binds both to canonical SMAD-binding elements (SBEs) within the PPAR-γ promoter and a consensus TGF-β inhibitory element (TIE) resulting in the attenuation of promoter activity \[[@bib94]\]. Conversely, PPAR-γ has been shown to attenuate Smad-dependent transcription of the COL1A2 gene \[[@bib95]\] suggesting that there is a coregulation between PPAR-γ and Smad signaling that may be important for the development of endothelial dysfunction and the development of pulmonary vascular disease. Consistent with our data, TGF-β1 reduces PPAR?? Expression in fibroblasts and hepatic stellate cells \[[@bib96],[@bib97]\], although it does stimulates PPAR?? Expression in monocytes and macrophages \[[@bib96],[@bib97]\] suggesting there may be cell specific events that could be explained by the presence or absence of eNOS.

In conclusion our data demonstrate that TGF-β signaling can attenuate mitochondrial function through the mitochondrial redistribution of eNOS and the disruption of carnitine homeostasis. This new mechanism of TGF-β signaling could be leveraged to develop new drug targets that could alleviate clinical conditions in which aberrant TGF-β signaling is known to play an important role.
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